Abstract Alzheimer's disease (AD) is a uniquely human, age-related central nervous system (CNS) disorder for which there is no adequate experimental model. While well over 100 transgenic murine models of AD (TgAD) have been developed that recapitulate many of the neuropathological features of AD, key pathological features of AD such as progressive neuronal atrophy, neuron cell loss, and neurofibrillary tangle (NFT) formation have not been observed in any TgAD model to date. To more completely analyze and understand the neuropathology, altered neuro-inflammatory and innate-immune signaling pathways, and the complex molecular-genetics and epigenetics of AD, it is therefore necessary to rigorously examine short post-mortem interval (PMI) human brain tissues to gain a deeper and more thorough insight into the neuropathological mechanisms that characterize the AD process. This perspective-methods paper will highlight some important recent findings on the utilization of short PMI tissues in sporadic (idiopathic; of unknown origin) AD research with focus on the extraction and quantification of RNA, and in particular microRNA (miRNA) and messenger RNA (mRNA) and analytical strategies, drawing on the authors' combined 125 years of laboratory experience into this investigative research area. We sincerely hope that new investigators in the field of "gene expression analysis in neurological disease" will benefit from the observations presented here and incorporate these recent findings and observations into their future experimental planning and design.
TgAD Models and AD
Several current databases contain extensive tables and information on various transgenic animal models of Alzheimer's disease (TgAD) and closely related progressive neurodegenerative diseases [1] . Most TgAD murine models involve the age-related overexpression of (i) beta-amyloid precursor protein (βAPP), (ii) the secretases such as the beta-amyloid cleavage enzyme (BACE) or presenilin 1 (PSEN1) that catalyze amyloid beta (Aβ) peptide excision from the βAPP holoprotein, (iii) tau or hyperphosphorylated tau pathology, or (iv) various combinations of these pathological features which appear to drive the AD phenotype [1, 2] . There are currently about 102 TgAD, cerebral amyloid angiopathy, or frontotemporal dementia transgenic murine models that recapitulate some of the neuropathological features of each disease; however, key pathological features of AD such as progressive neuronal atrophy and loss and neurofibrillary tangle (NFT) formation are still not readily observed in any TgAD model [1] [2] [3] [4] [5] [6] . Further, many different microRNAs (miRNAs), messenger RNAs (mRNAs) or proteins are not equally abundant in TgAD murine models when compared to human AD, have different chromosome assignments and exhibit considerably different mechanisms of transcriptional regulation. A number of recent extensive and thoughtful research reviews on the use of murine models to study progressive neurodegenerative diseases, including AD and prion diseases, and the role of cerebral ischemia as a contributor to AD and genetic dysregulation have recently appeared in the scientific literature [3] [4] [5] [6] [7] [8] . Interested readers are encouraged to refer to these excellent overviews before planning experimental designs that involve the use of transgenic animals in neurodegenerative disease research. It is important to point out that no single transgenic animal model fully recapitulates the complex pathogenesis of any human neurodegenerative disease such as AD, but rather only models different aspects of the disease neuropathology and/or symptomology [2] [3] [4] [5] [6] [7] [8] . We will therefore next turn our attention to the acquisition, processing, and analysis of short post-mortem interval (PMI) human brain material which strongly complements the use of transgenic animal models in advancing our understanding of both AD and other forms of age-related neurodegenerative disease.
Human Brain Death
Because of the use of time-sensitive post-mortem human tissues for research purposes, it is constructive to understand the concept of human brain death since this is the time point marker from which all brain tissues are harvested for clinical, forensic, medical and/or scientific investigation. The post-mortem interval (PMI) of human brain tissues is defined as the death-tobrain-freezing interval; post-mortem tissues are typically harvested, dissected or sectioned, and archived and stored at −81°C, typically after being snap frozen in liquid nitrogen (−196°C) or other cryogenic liquid. Currently in the Western world, "death" is defined as the termination of all biological functions that sustain a living organism [7] [8] [9] . Historically, human death was defined as the cessation of heartbeat or cardiac arrest and breathing, but that definition became problematic because heartbeat and breathing can often be artificially maintained using a combination of life support devices such as cardiac pacemakers and artificial respirators [9, 10] . It is currently considered by Westernized medical science that human death is a point in time at which the electrical activity in the brain totally ceases and when a zero-line electroencephalogram (EEG; zeroline EEG) after two consecutive time points becomes evident [9] [10] [11] . While electrical activity of the brain ceases at death, molecular-genetic processes such as gene transcription may continue for several hours past the zero line EEG time point [12, 13; see below]. Interestingly, the leading cause of death in developing countries is infectious disease, and in developed countries it is cardiovascular disease, cancer, or other diseases related to obesity and senescence [11] . Hence, depending on the source of tissues procured, pathogenic microorganisms or interceding illnesses such as cardiovascular disease, diabetes, or cancer may complicate the diagnosis of a "pure and single neurological disorder," and this should be taken into consideration during the clinical classification of the CNS tissues analyzed [9] [10] [11] [12] .
The Thanatomicrobiome and Agonal Processes
The microbiome consists of about 10 14 symbiotic microorganisms within the human body, and the major fraction of the human microbiome is located within the gastrointestinal (GI) tract [14] . Over 99 % of the microbiota in the GI tract are anaerobic bacteria with fungi, protozoa, archaebacteria, and other microorganisms making up the remainder; remarkably, the number of microbial cells in the human microbiome outnumber human host cells by about 100 to 1 [14, 15] . At the point of death, the human microbiome rapidly transforms into the thanatomicrobiome (thanatos-, Greek, death) and begins to play an important role in the decomposition of tissues. Briefly, systemic body temperature increases as former GI tract resident microbes enter the blood, lymphatic circulation, and internal organs of the deceased, including tissues of the CNS [16] . Additional elevations in body temperature, contributed in part from the cessation of blood and lymphatic circulation that normally provide CNS tissue cooling, also occurs to potentially impact the quality of harvested organ tissues and the macromolecules contained therein [16, 17] . Interestingly, DNA and protein persist for far longer than any form of RNA due to the intrinsic instability of ribonucleic acids [16-21; see below]. Agonal processes at the time of death, pertaining to, or symptomatic of agony, such as paroxysmal distress, as in "the death throes," also contribute to tissue decomposition, including corticosteroid-release effects as the physiological stress of death ensues [14, 22] . Agonal processes include the effects of intermediary illness, fever, medications, death setting, and other stress factors associated with dying; at the point of death metabolic acidosis rapidly ensues which transiently downregulates both intracellular and extracellular pH [21] . Interestingly, intracellular pH can fall precipitously at the time of death; for example in one study blood pH in corpses fell from 7.4 to 5.1 within several hours after death; however, there are reported variations in this finding amongst individuals [11, 21, 22] . When comparing a control and AD neocortical sample, for example, multiple and interactive agonal effects can sometimes be subtracted since both control and neurological disease tissues are simultaneously undergoing the same death-associated physiological and catabolic processes [21, 22] . It needs to be pointed out that while the isolation of total RNA from post-mortem brains can represent a "physiological snapshot" of the metabolic state of the brain, disproportionate activities in the fore-mentioned death-associated agonal factors may play some contributory role to the quality of the RNA isolated and, hence, the quality of the gene expression data derived. To overcome this, simultaneous analysis of an AD-affected anatomical region (such as the hippocampal CA1 or superior temporal lobe) versus an AD-unaffected anatomical region (such as the thalamus or brain stem) within the same brain may be advantageous as different anatomical regions within the same brain appear to undergo approximately the same degree of agonal stress and post-mortem effects [16, 21] . Pooling of short PMI brain tissues for total RNA analysis may also negate some concerns of agonal processes to emphasize key features intrinsic to the AD process (see below; Fig. 1 ). Finally, it should be mentioned that RNA abundance, speciation, and complexity can differ significantly between specific brain cell types and tissues and, therefore, for comparative studies total RNA should be analyzed from the same anatomical region in diseased tissues and compared to the very same anatomical region in agematched control brain tissues. Briefly, as an index of human brain total RNA quality, run-on transcription was performed in human neocortical nuclei isolated from 0.5-to 25-h PMI human brains using [α-32 P]-UTP label incorporation into newly synthesized RNA message, as assessed by probing with either total cDNA or ALU repeat DNA probes on northern dot blot membranes [12, 13] . ALU elements represent one of the most highly repetitive ∼300 base pair repeats in the human genome, and the presence of transcribed ALU sequences in RNA can be used as an index of transcriptional output of newly synthesized RNA [12, 13, 23] . The efficiency of run-on gene transcription appears to decrease markedly after a 3-to 4-h PMI. Interestingly, a comparison between either total cDNA or ALU DNA probes vs 0.5-to 25-h PMI shows parallel signal decay kinetics utilizing the ALU probe, yielding approximately 30-40 % of the total cDNA signal at any given PMI. Analysis of short PMI brain using run-on gene transcription may be useful for genetic activity studies in characterizing the transcriptional competency of brain cells during normal human aging and in neurodegenerative diseases such as AD; extensive experimental details have been previously described [12, 13, 24] . b Individual and pooled analysis of samples in the human brain (superior temporal lobe neocortex)-miRNA analysis; individual age-matched control (control; N=5) or Alzheimer's disease (Alzheimer; N=5) samples or pools of these samples (P) were analyzed using miRNA arrays (LC Sciences, Houston, TX); specific data for human miRNA-7, miRNA-9, miRNA34a, miRNA-146a, and an unchanging (control) miRNA-183 were selected for analysis. c Compared to control, the mean signal strength of five single-AD samples (Alzheimer-S) gave comparable signal yields to a single pooled sample containing these same five single samples (Alzheimer-P); pooling of samples has the significant advantage of being more cost-effective, and individual agonal processes are more effectively controlled to emphasize AD-relevant trends (see text); pooling of samples may be further useful in the analysis of gene expression studies involving miRNA and/or mRNA in human population studies [22, [25] [26] [27] ; as the colored bar graph indicates miRNA-7, miRNA-9, miRNA-34a, and miRNA-146a are significantly upregulated in AD over age-matched controls; miRNA-34a has been recently implicated in the downregulation of TREM2 expression in AD brain and an inability to effectively phagocytose Aβ peptides [28] ; data are the mean±one standard deviation of that mean; *p<0.05 (ANOVA)
The Intrinsic Instability of Ribonucleic Acid (RNA)
In contrast to the deoxyribose of DNA, RNA has a ribose sugar carrying a hydroxyl group in the 2′ position (2′-OH) of the ribose ring that readily undergoes a rapid H 2 O-mediated hydrolysis under physiological conditions [13, 23, 29] . RNA molecules therefore rapidly depolymerize, resulting in a source of intrinsic instability in gene signaling which may give spurious results upon gene expression analysis. At least five additional features of RNA tend to mediate its instability: (i) unlike DNA, RNA depolymerizes at alkaline pH and the fluctuating pH of PMI tissues may have a bearing on intrinsic RNA longevity; (ii) RNA, typically contained in the physiological milieu of the nucleoplasm and cytoplasm, is under further destabilizing influences imparted by other nuclear and cellular ions, biological molecules, and temperature; (iii) because RNA contains uracil instead of the thymine (as in DNA) it is more difficult for the cell to discriminate between the uracil waste of deamination and the naturally occurring uracil of RNA that is rapidly recognized, degraded, and cleared from the cytoplasm via lysosomal systems; (iv) multiple, highly active endogenous enzymes that degrade RNA called ribonucleases (RNases) are abundant in the eukaryotic cytoplasm; and (v) RNA polymers have larger and deeper longitudinal grooves than DNA, making them easier to be attacked by RNase [11-13, 21, 23, 30-32] . These biophysical factors combined underscore RNA's evolutionary role as a highly transient signal carrier from DNA to protein. We have observed empirically that human brains archived (at −81°C) for 5 years or more have a significantly lower total RNA yield than fresh or archived tissues having storage intervals of 1 year of less. We observe in the same archived brains no significant differences in the yield of total RNA or protein per gram wet weight of AD versus control post-mortem tissues, suggesting that RNA decay rates may be comparable in both AD and control brains [13, 23] . In a related manner, the adenosine + uracil (AU) content of both miRNA (mean range 19-24 nucleotides) and mRNA (mean range 1500-5000 nucleotides) appears to have a bearing on the stability of these RNA molecules [21, 30, 31] . Many miRNA and mRNA have half-lives in the range of 1-3 h, although (i) secondary and tertiary RNA structures, (ii) adsorption to proteins or other cellular structural molecules, and (iii) storage or compartmentalization of RNA in vesicles may significantly prolong their stability and functional half-life [13, 21, 31] . A downregulated miRNA or mRNA observed in some neurological conditions may simply be due to its accelerated degradation in pathological tissues and appropriate steps should be taken to ensure this is not the case, such as the inclusion of miRNA and/or mRNA kinetic studies with each gene expression determination [13, 19, 23, 31] . The "gold standard" for RNA quality is typically an analytical spectrophotometric scan of a total RNA sample typically at 200-300 nm resulting in an electropherogram, generated for example, using a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA; Caliper Technologies, Hopkinton, MA, USA) or equivalent, from which RNA integrity numbers (RIN) can be derived. Previously, RNA integrity had been evaluated using the ratio of RNA absorbance at A 260/ 280 nm, or the 28S to 18S ribosomal RNA ratio, but due to inconsistencies, the RIN algorithm was devised, based on a combination of different features derived from the entire electrophoretic trace of the RNA sample in its electropherogram [13, 23, 32] . In this way, interpretation of RNA quality has been facilitated, is independent of sample concentration and analyst, and has become a de facto standard for RNA quality control, enabling comparison of RNA abundance and quality from different PMI samples. RIN numbers range between 1.0 (poorest quality) to 10.0 (highest quality) for total RNA extracted from human CNS cells or post-mortem tissues; in our hands, we have empirically discovered that RIN values of 8.0 or higher yield highly reproducible analytical results while RIN numbers less than 8.0 do not [13, 22, 31; unpublished observations].
Analysis of Messenger RNA-Directed Gene Expression Using Run-On Transcription
Nuclear run-on transcription is an exceptionally sensitive technique for gene expression analysis to identify genes and gene families that are being transcribed in the brain at the time of death [12, 13, 31] . In a typical experiment, intact nuclei are isolated from short PMI brain tissues and de novo RNA synthesis is analyzed utilizing the selective incorporation of [α-32 P]-uridine triphosphate ( 32 P-UTP; ∼6000 Ci/mmol) into new DNA transcription products with very highly specific activities [12, 13] . The abundance and speciation of the newly generated RNA is typically analyzed (i) via hybridization to specific probes on a Northern gel or (ii) analyzed using DNA arrays, and results are quantified using pre-defined signal intensity parameters and appropriate bioinformatics algorithms [10, 13, 20, 23, 32, 33] . For example, utilizing the selective incorporation of α-32 P-UTP into DNA transcription products using both neuron-and glial-specific reporters, it was found that brain tissues of up to 3-4 h PMI were highly efficient in incorporating radiolabel into new transcription products, after which there was a precipitous decline in de novo biosynthetic capacity (Fig. 1a) [10, 13, 23] . Importantly, these results have been reported to be considerably more sensitive than the use of other analytical techniques, such as RT-PCR, although they are a more time-consuming type of gene expression analysis [12, 13, 20] . In our experience, multiple experiments suggest that PMIs for human brain tissues of 3-4 h or less may be the most suitable for subsequent gene expression analysis, the analysis of miRNA and mRNA abundance, speciation, and complexity, resulting in the more meaningful gene expression data and reproducibility in AD and related neurological disease gene expression studies.
Gene Expression Analysis Using DNA and miRNA Arrays
Currently, the highest density of gene expression analysis, including miRNA and mRNA abundance, speciation, and complexity studies involve the use of mRNA (involving DNA targets) and/or DNA or miRNA arrays [12, 13, 24, [33] [34] [35] . The densities of miRNAs or expressed genes (mRNAs) analyzed is typically on the order of 2000-33,000 targets per square centimeter, allowing the interrogation of every miRNA or mRNA species in a single DNA array analysis [24, [33] [34] [35] . Briefly, total RNA, or miRNA-or mRNAenriched fractions, isolated from short post-mortem interval (∼3-4 h) AD or age-matched control tissues from the same anatomical area, are differentially labeled fluorescently using cyanine dyes (typically Cy3; λ ex 550 nm, λ em 570 nm) or (Cy5; λ ex 650 nm, λ em 670 nm) and are hybridized to known oligonucleotide gene targets on the gene array. After washing off of un-hybridized probes, laser scanning typically generates a pattern of expressed miRNAs and mRNAs in that tissue sample [24, [33] [34] [35] . Because the resulting fluorescent signals are in a digital format, these data can be (i) expressed in a variety of informative ways depending on the bioinformatics algorithm applied, (ii) digitized gene expression information (∼3 Mb/ sample) can be archived for later interactive applications and/or analysis, and (iii) multiple samples can be compared which is useful in the case of long-term analysis or the serial collection and sharing of brain gene expression data in ongoing multicenter genetic studies.
Biohazard and Ethical Issues
It should be mentioned that because AD researchers are dealing with a neurological disorder for which the origin and propagation are not well understood, it is sensible to treat any post-mortem brain tissues with neurological disease with at least a biohazard 2 BSL-2 (P2) containment, or higher [11, 36] . It has recently been suggested that in AD patients, certain aggregates of the Aβ peptide become self-propagating and that some Aβ peptide strains, like prion amyloids, appear to be serially transmissible [37] . Further, AD cases and related neurological disorders with a rapidly progressive dementia may often be misdiagnosed as a transmissible neurological disease due to the similarity to aggressive, human prion disorders such as Gerstmann-Straussler-Scheinker syndrome (GSS) and sporadic Creutzfeldt-Jakob disease (sCJD); indeed, AD can often be misdiagnosed as CJD and GSS, or vice versa, and as such extreme care should be taken in the study of any lethal and progressive human neurological disease samples [37] [38] [39] . It is the responsibility of both the provider of AD tissues and researchers to obtain ethical clearances and institutional review board authorization according to the individual requirements of the each investigational institution, university or school of medicine, and for the researchers themselves to analyze diseased neurological tissues with great care, attention, and ethical responsibility.
Concluding Remarks
No single TgAD animal model fully recapitulates the entire, complex pathogenesis of AD but rather only models one particular aspect of the disease. Identifying in vivo TgAD models that are naturally predictive for particular features of AD neuropathology can be challenging due in part to the evolutionary divergence of neurobiological and molecular genetic systems that have occurred during evolution and speciation. For example, the use of humanized TgAD mouse models is intrinsically problematical due in part to the genetic background of the mouse and the 75 million years of evolution since the mouse-human divergence, which underscores interspecies neurochemical, gene expression regulation, and neurological differences and other genetic aspects of evolutionary drift [40] . Post-mortem human CNS tissues are thereby very valuable in assessing and discovering important molecular genetic mechanisms and disease-relevant signaling pathways characteristic of the AD, a uniquely human disease. Indeed, studies on gene expression in well-controlled human brain tissues can provide a highly informative "neurochemical, neurogenetic, and neurophysiological snapshot" of gene expression patterns at the time of death, provided that short PMI tissues are selected and appropriate controls are implemented. These studies require the use of intact, high spectral quality total RNA and when done carefully, can provide very useful information as to what is happening at the level of gene expression in specific anatomical regions of the human brain in aging, health, and progressive neurological disease. Analysis of a brain region targeted by the AD process compared to a non-affected control region in the same brain, such as the brain stem or thalamus, i.e., "an internal control," can further reduce the concern of agonal and other death-associated effects on gene expression often observed between the brains of different human individuals or populations [20, 39, 40] .
Pooling of control or AD samples may be able to identify "general trends" in gene expression patterns (Fig. 1b, c) [15, 22, 26, 27] . For example, pooling of AD samples in one group and age-matched controls in another using the same anatomical region matched for age, gender, and PMI, it was recently possible to show (i) significant reductions in AD of the triggering receptor expressed in myeloid/microglial cells (TREM2) sensor-receptor, a microglial-resident glycoprotein important in the clearance of amyloid peptides from the brain's extracellular space [28] and (ii) statistically significant individual differences in abundance and complexity of a subfamily of pathology-associated and AD-relevant miRNAs between Caucasian and African-American populations [22, 41] . Finally, for gene expression analysis using PMI tissues, it is most important that an accurate diagnosis of a neurological disorder be made and what other pathophysiological, epigenetic, microbial, or environmental disturbances may have contributed to the disease phenotype. This may be particularly critical in the diagnosis of AD as an exceedingly insidious neurological disorder, and especially in the earliest stages of the disease where a mild cognitive impairment (MCI; a discrete disease entity) is initially diagnosed [42, 43] . Indeed, extensive neuropathological examination of post-mortem brain, and especially the quantitation of senile plaque and neurofibrillary tangle densities and other inflammationrelated biomarkers, is still considered by many to be the "gold standard" for the most accurate diagnosis of AD, although neuroimaging-related diagnostic technologies are rapidly advancing and contributing to the more accurate diagnosis of AD [12, [44] [45] [46] . It is important to point out that besides the rigorous quality control essential for meaningful miRNA and mRNA analysis, the integration of post-mortem neuropathological examination with pre-mortem pathological factors including familial history, lifestyle factors, drug history, neuroimaging data, and serum and CSF profiles will continue to contribute to novel biomarker discovery, the advancement of AD diagnostics, and ongoing analytical standardization [44] [45] [46] [47] [48] .
